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ABSTRACT 
 
A better understanding of the metal–peptide complexes formed by 
phytochelatins and microcystins is necessary to understand the role of these peptides 
in algal cells and cyanobacteria, respectively. As there are limited structural and 
thermodynamic data on these metal–peptide complexes, molecular simulations may 
provide useful insights by providing structural insights in concert with thermodynamic 
stability predictions. I conducted molecular dynamics simulations of complexes of 
phytochelatin (n=2), microcystin-LR, and microcystin-RR with Ca2+, Mg2+, Fe2+, 
Zn2+, and Cu2+. Structural characteristics of the resulting complexes agreed with 
results from other metal–peptide complexes. The simulation results also indicate that 
all three peptides bind Cu and Zn preferentially, supporting the peptides’ roles in 
metal regulation.  Peptide conformational changes after metal complexation shed light 
on the hypothesized transporters of the complexes from the cell, as well as on the 
environmental chemodynamics of the complexes and peptides in surface waters. 
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CHAPTER 1 
INTRODUCTION 
In all organisms, metal cations mediate important functions because of their 
role as cofactors for many enzymes.1 In photosynthetic organisms, specifically, a 
variety of metal cations are essential for the proper function of the photosynthetic 
electron transport chain. Hundreds of chlorophyll molecules, which are essential for 
light absorption and energy transfer in the chloroplast, contain a Mg ion at their core.2 
Plastocyanin, a Cu–containing protein, shuttles electrons between cytochromes and 
photosystem I in the photosynthetic pathway.3,4 The electron transport systems in both 
mitochondria and chloroplasts rely on ferredoxins, which contain Fe–S in their 
catalytic centers, and thus require ample supplies of Fe.5 Superoxide dismutase, an 
essential enzyme which prevents the accumulation of superoxides generated during 
photosynthesis, requires both Cu and Zn for catalysis.6 Zinc also participates in the 
regulation of gene expression.7 Despite the important roles of trace metals in 
physiological functions, excess amounts can be cytotoxic by disrupting the redox 
balance in the cell and interfering with enzyme function.  For instance, high levels of 
Cu and Fe can induce oxidative stress in plants.5 Excess Zn can displace Fe, Mn, and 
Cu, causing metal deficiencies in plants.5 High levels of Cd and Cu can interfere with 
phosphorus uptake, limiting plant growth.8  
Higher plants, algae, and cyanobacteria produce peptides and organic ligands 
to regulate toxic metal levels via chelation.9 Of particular interest are phytochelatins 
(PCs), which are produced by plants and algae in response to high levels of metals 
such as Cd, Cu, Pb and Zn.10 These molecules are oligomers of ɣ–glutamyl-cysteine, 
2 
which are synthesized from glutathione, and generally have 2-11 repeated units 
(namely, PC-2 to PC-11).11 In algae, PCs tend to be shorter with 2-4 repeat units 
(Figure 1A).10 During times of metal stress, PCs bind the metal of concern and thus 
lower the level of metal toxicity in both the intracellular and extracellular milieu.10,12 
The efficiency of PCs in metal detoxification is due to the presence of multidentate 
binding sites via carboxylates and, at basic pH, the dissociated sulfhydryl groups.13 
Cyanobacteria are reported to synthesize and release small peptides including 
microcystins (MCs).14 There are over 80 variants of MCs arising from two variable 
amino acids within the heptapeptide chain of MCs.14 Two common MCs are MC-LR 
and MC-RR (Figures 1B and 1C), which contain, respectively, a lysine and an 
arginine or two arginine residues.  The physiological role of MCs remains unclear, but 
there are two major hypotheses.  One suggests that MCs are allelopathic compounds 
because they have been shown to be toxic to several organisms that consume 
cyanobacteria.15 A second hypothesis proposes a role for MCs as metal regulators, 
similar to PCs, given their multiple carboxylate moieties. In accordance with this 
hypothesis, MCs have been shown to form complexes with a variety of metal ions, 
including Mg, Fe(II), Fe(III), Zn(II), and Cu(II).16–18 Although a putative MC 
transporter gene (mcyH) is present in the MC gene cluster, MCs are primarily released 
upon cell lysis.19,20 Interestingly, intracellular MCs populate the area around 
polyphosphate bodies in the cell, which are sites that require metal detoxification.21 
Thus, it is possible that MCs help regulate metal levels around these bodies. 
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Figure 1. Chemical structure of phytochelatin-2 (A), microcystin-LR (B), and microcystin-RR 
(C). 
 
In sum, there is clear evidence that both PCs and MCs can be involved in metal 
complexation. An in-depth structural examination of the hydrated structures of metal 
complexes with PCs and MCs is still warranted in order to gain insights into the 
physiological role of these peptides. However, the structures of these metal–peptides 
have not been fully characterized. Previous studies have focused on determining 
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thermodynamic parameters, such as stability constants of metal binding by PCs13,22 
and MCs.16–18,23 X-ray absorption studies11,22 of Cd–PC complexes have examined the 
Cd binding coordination but these studies have not provided structural information on 
the entire complex. Furthermore, structural studies of PC complexes with other metals 
are lacking. While there are several putative transporters for PCs24,25 and there is an 
apparent transporter gene in the MC gene cluster,19 there are currently, to the best of 
my knowledge, no structural confirmations of these transporters. Knowledge of the 
overall conformational dynamics of each peptide with and without the complexed 
metal can inform on the characteristics of the hypothesized transporters involved in 
transporting PC and MC.  Moreover, thermodynamic data in concert with structural 
data will aid in further determining the intracellular role of MCs, a requisite to proper 
management of cyanobacterial blooms in an effort to reduce the production and 
environmental impact of the hepatotoxic MCs.  Elucidating the structures of aqueous 
metal–PC and metal–MC complexes can also provide insight into the fate of these 
peptides in surface waters, where they can chelate metal ions and interact with 
particles in surface waters and sediments.26–28  
Given the limited structural determinations of metal–PC and metal–MC 
complexes, molecular simulations can be useful in linking thermodynamic parameters 
with structural characteristics of these complexes. Here I combined Monte Carlo, 
energy minimization, and molecular dynamics algorithms to obtain energy– and 
geometry–optimized structures of aqueous complexes of PC-2, MC-LR, and MC-RR 
with five divalent metal cations: Ca, Mg, Fe(II), Zn(II), and Cu(II). The objectives of 
this study were to determine the relative binding affinities of the different peptides for 
5 
the different metals, characterize the structures of the metal coordination, and probe 
conformational changes in the peptide as a result of metal chelation. The simulation 
results provide structural insights towards a comprehensive understanding of the 
biological and environmental fate of PCs and MCs within the context of metal 
complexation. 
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CHAPTER 2 
COMPUTATIONAL METHODS AND VALIDATION 
Modeling Platform 
Simulations were conducted using the all-atom Condensed-phase Optimized 
Molecular Potentials for Atomistic Simulation Studies (COMPASS; Accelrys, San 
Diego, CA, USA)29 force field as implemented in the Forcite module of the Materials 
Studio software package.30 This force field previously demonstrated29,31,32 accurate 
simulations of structural properties of both simple and complex organic compounds, 
as well as metal complexation.33 I also performed validation studies with the 
molecules simulated in the present study: phytochelatin (PC), microcystin (MC), and 
divalent metal cations [Ca, Mg, Fe(II), Zn(II), Cu(II)]. 
Validation Studies 
To validate the use of the COMPASS force field in the present study, PC-2 and 
MC-LR were subjected to a series of simulations consisting of geometry optimization, 
energy minimization (EM), and annealing molecular dynamics (MD) in an effort to 
reach the global energy minimum. Thermodynamic and structural data were retrieved 
from a final MD, which was carried out in a canonical NVT ensemble (fixed number 
of atoms, simulation cell volume, and constant temperature) for 500 ps (time step = 1 
fs) using a canonical thermostat algorithm to control temperature at 298 K.  For all 
systems, the potential energy profile indicated that equilibrium was reached after 50 
ps.  Because there were no structural data for PC, which is an oligomer of 
glutathione,34 the structure of the optimized PC was compared to that of glutathione35 
(Table 1).  The experimental bond lengths in Table 1 correspond to the similar bond 
7 
lengths in glutathione, which is only one glutamine and one cysteine.  Thus, the 
experimental lengths repeat for the two repeat units.  Of the 34 bonds monitored for 
validation of PC-2, 26 were within one standard deviation of the literature value, and 7 
others were within two standard deviations.  Thus, the PC-2 structure was deemed 
valid in the COMPASS forcefield. Optimized structures of MC-LR were compared to 
available published structures of MC-LR36 (Table 2).  Of the 24 bonds in the MC-LR 
monitored for validation, all were within one standard deviation of the literature value.  
Because no structural data were available for MC-RR, the accurate simulation of MC-
LR was considered evidence that COMPASS was a valid force field to simulate MC–
RR. For solvated complexes of the metal cations, a previous study33 demonstrated that 
COMPASS was adequate for simulating hydration of Ca, Mg, and Fe(II). In addition 
to repeating these prior simulations, we performed simulations of water complexes 
with Zn(II) and Cu(II).  First, 150 water molecules were placed around the metal 
cations using the Adsorption Locator module. The resulting hydrated system was then 
subjected to a MD step for 1 ns (time step = 1 fs), using the same canonical ensemble 
described previously. Based on comparisons to published structural data for solvated 
metal ion complexes37,38 (Table 3), COMPASS was proven to be a valid force field for 
all the metal cations solvation complexes investigated in the present study. 
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Table 1.  Bond lengths (Å, average ± STD) in the PC-2 molecule. 
C2
C3H3N1
C20
C4
C5
N6
H
O23
C7
C25
C8
S25H
O
H
N9
C10
C28
C11
C12
C13
O31
N14
H
C15
C32
C16
S33H
O35
H
N17
C18
C19
O36
O37
O21O22 O29 O30
 
 Experiment35 MD simulation  Experiment35 MD simulation 
C20–O21 1.243 1.238 ± 0.022 C28–O29 1.259 1.238 ± 0.019 
C20–O22 1.264 1.240 ± 0.022 C28–O30 1.254 1.240 ± 0.022 
C20–C2 1.524 1.557 ± 0.034 C10–C11 1.523 1.554 ± 0.037 
C2–N1 1.445 1.517 ± 0.035 C11–C12 1.518 1.553 ± 0.031 
C2–C3 1.523 1.541 ± 0.034 C12–C13 1.513 1.554 ± 0.031 
C3–C4 1.518 1.551 ± 0.034 C13–O31 1.194 1.220 ± 0.018 
C4–C5 1.513 1.552 ± 0.033 C13–N14 1.361 1.359 ± 0.029 
C5–O23 1.194 1.221 ± 0.018 N14–C15 1.471 1.488 ± 0.035 
C5–N6 1.361 1.342 ± 0.025 C15–C32 1.517 1.538 ± 0.029 
N6–C7 1.471 1.483 ± 0.034 C32–S33 1.824 1.831 ± 0.039 
C7–C24 1.517 1.531 ± 0.030 C15–C16 1.521 1.577 ± 0.035 
C24–S25 1.824 1.829 ± 0.040 C16–O35 1.229 1.222 ± 0.019 
C7–C8 1.521 1.500 ± 0.035 C16–N17 1.351 1.362 ± 0.027 
C8–O27 1.229 1.222 ± 0.022 N17–C18 1.474 1.487 ± 0.033 
C8–N9 1.351 1.397 ± 0.030 C18–C19 1.515 1.565 ± 0.031 
N9–C10 1.474 1.470 ± 0.034 C19–O36 1.259 1.238 ± 0.020 
C10–C28 1.515 1.601 ± 0.039 C19–O37 1.254 1.234 ± 0.020 
35 (Kassaar et al., 2014) 
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Table 2. Bond lengths (Å, average ± STD) in the MC-LR molecule. 
A5
C
OH
CB5
C5
N5HO
A6
C
OOC
B6
C
CG6
C6
O N7
C
A7
CH2
C7
O
HN1 A1
C
C1
HN2 O
CA2
C2
H
N3
O
A3
C
CB3
COO
C3
H
N4
O
CA4
C4
NH
NH2
H2N
O
N5H
 
 Experiment 36 MD 
simulation 
 Experiment 36 MD 
simulation 
N1–CA1 1.49 1.47 ± 0.03 N5–CA5 1.491 1.47 ± 0.03 
CA1–C1 1.552 1.56 ± 0.03 CA5–CB5 1.577 1.56 ± 0.04 
C1–N2 1.348 1.36 ± 0.03 CB5–C5 1.559 1.53 ± 0.04 
N2–CA2 1.49 1.48 ± 0.04 C5–N6 1.347 1.35 ± 0.03 
CA2–C2 1.551 1.50 ± 0.03 N6–CA6 1.490 1.47 ± 0.03 
C2–N3 1.348 1.36 ± 0.04 CA6–CB6 1.563 1.54 ± 0.03 
N3–CA3 1.489 1.48 ± 0.03 CB6–CG6 1.549 1.54 ± 0.03 
CA3–CB3 1.573 1.56 ± 0.04 CG6–C6 1.550 1.55 ± 0.03 
CB3–C3 1.556 1.53 ± 0.03 C6–N7 1.372 1.38 ± 0.04 
C3–N4 1.348 1.36 ± 0.03 N7–CA7 1.470 1.48 ± 0.03 
N4–CA4 1.490 1.47 ± 0.03 CA7–C7 1.551 1.54 ± 0.03 
CA4–C4 1.551 1.57 ± 0.03 C7–N1 1.348 1.38 ± 0.03 
36 (Bagu et al., 1995) 
Table 3.  Metal cation–OH2 distances (Å, average ± STD) in solvation complexes. 
 Experiment MD simulation 
Ca2+–OH2 2.41–2.4637 2.40 ± 0.09 
Mg2+–OH2 2.05–2.1537 2.00 ± 0.06 
Fe2+–OH2 2.12–2.2838 2.02 ± 0.08 
Zn2+–OH2 2.08–2.1538 2.03 ± 0.08 
Cu2+–OH2 1.96–2.1038 2.00 ± 0.05 
37 (Vinogradov et al., 2003)  38 (Ohtaki and Radnai, 1993) 
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Simulations of metal-PC and metal-MC complexes 
We performed simulations of MC and PC with Ca, Mg, Fe(II), Cu(II), or 
Zn(II) in a hydrated environment.  For metal–PC complexes, one metal ion was used 
with PC-2, which has an overall charge of –2 arising from three deprotonated 
carboxylic acid groups and one protonated amino group. Deprotonated sulfhydryl 
groups were not considered here because the COMPASS forcefield lacks a description 
for a negatively charged sulfide.  The model with protonated sulfhydryl groups would 
still be relevant because intracellular pH in algae and cyanobacteria is reported to be 
between 6.2–8,39–41 and two other studies reported the pKa of the cysteine thiol group 
in the PC-2 to be  greater than 8.59.13,42 Thus, it is reasonable to expect that not all the 
sulfhydryl groups would be fully deprotonated over the entire intracellular pH range. 
In fact, an X-ray absorption examination of Cd–PC complexes11 revealed that binding 
coordination was only from PC O atoms at acidic pH and, at basic pH, from a 
combination of S and O atoms from PC, especially when the ratio of Cd to PC is high.  
For the simulations of metal–MC complexes, the protonated guanidinium groups of 
the arginine residues were charge balanced with Cl–, while the carboxylate groups 
were balanced with the metal cations.   
The modeling workflow executed for each metal–peptide complex is illustrated 
in Figures 2A and 2B.   
11 
 
Figure 2. Modeling workflow for obtaining preliminary structures of metal complexes with 
PC-2 (A) and MC-LR (B). In A, from left to right: optimized PC-2, Cu–PC-2 complex after 
adsorption and first MD run, and hydrated system after last MD run.  In B, from left to right: 
optimized MC-LR, Cu–MC-LR after adsorption and first MD run, Cu–MC-LR with Cl– 
placed by guanidinium group, and hydrated system after last MD run. Same procedure 
described in B was used for MC-RR. 
 
For each case, the metal cation was first adsorbed to the peptide molecule 
using the Adsorption Locator module in Materials Studio. This module subjected the 
metal cation to both translation and rotation steps via an annealing Monte Carlo 
search30 with a temperature cycle from 300 K to 800 K, repeated ten times. After 
metal adsorption onto the peptide molecule, the system was subjected to MD 
equilibration for 1 ns (time step = 1 fs) at 298 K using the same canonical ensemble 
described above. Following this step for the systems with MC, the chloride ions were 
placed near the guanidinium groups of the arginine residues based on experimentally 
determined interaction distances.43 Subsequently, a hydrated environment of each fully 
(A) 
(B) 
12 
charge–compensated metal–peptide complex was achieved by creating a shell of 
explicit water molecules in a nonperiodic system.  Each hydrated system was 
subjected to a final MD simulation for 1 ns (time step = 1 fs), from which 
thermodynamic and structural data were retrieved.  Potential energy profiles indicated 
equilibrium occurred after 400 ps for the metal–PC complex and after 100 ps for the 
metal–MC complex. 
The COMPASS force field calculates total potential energies that include both 
non-bond and valence contributions.  Because the energy parameters in COMPASS 
are not referenced to a unique molecular state, these calculated energies can be 
compared relatively within a given set of simulations but not to experimentally 
determined potential energies.44 Total potential energies for the metal–peptide 
complexes, excluding the contributions of the water-water interactions, were used to 
evaluate the relative thermodynamic stability of each molecule to complex the 
different metals.33 All configurations obtained for the solvated metal–peptide 
complexes after equilibration of the total potential energy were used to compute 
statistics for the calculated energies and the interatomic distances between O atoms 
and the metal cations. To understand the local environment of metal complexation in 
each metal–peptide complex, radial distribution functions (RDFs) for metal cation–O 
atom pairs were obtained using the lowest–energy equilibrated configuration. To 
determine the coordination numbers (CNs), the RDFs for metal cation–carboxylate O, 
metal cation–carbonyl O, and metal cation–water O were determined by integrating 
the RDFs from the origin out to the first minimum with a bin interval of 0.02 Å.44 
Using the Discovery Studio software package,45 surface potential maps of PCs and 
13 
MCs were obtained, following removal of all hydrating waters and metal and chloride 
ion, by employing a marching cubes algorithm to create an isopotential surface based 
on the localization of atom charges in the peptide conformation. The surface potential 
map was created based on the lowest-energy equilibrated configuration obtained 
during the final MD step. 
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CHAPTER 3 
RESULTS AND DISCUSSION 
Metal complexation by PC-2 
The total potential energy calculated for Ca–PC-2, Mg–PC-2, Fe–PC-2, Zn–
PC-2, and Cu–PC-2 was –415 ± 9, –452 ± 8, –515 ± 6, –519 ± 9, and –523 ± 9 
kcal/mol, respectively.  Thus, the relative ordering of stability for the simulated metal–
PC-2 complexes was Cu–PC-2 ≥ Zn–PC-2 ≥ Fe–PC-2 > Mg–PC-2 > Ca–PC-2.  
Because of limited experimental data on stability constants for metal–PC complexes, I 
compared the simulated series with previous studies on metal complexes with 
glutathione46,47 and ethylenediaminetetraacetic acid (EDTA).48 Similar stability 
constants were reported for complexes of glutathione, a building block of PC, with 
Cu(II) and Zn(II).46,47 EDTA, a strong metal chelator with multiple carboxylate 
binding sites, exhibits the most stable complex with Cu(II) followed by, in order of 
decreasing stability constants, Zn(II), Fe(II), Ca, and Mg.48 These trends in stability 
constants are congruent with the energy data retrieved from the MD–optimized metal–
PC complexes.  It was reported that PCs are released when algae are under stress from 
toxic levels of trace metals such as Cd, Cu, Pb, and Zn.10 The fact that the PC-2 
complexes with Cu(II), Zn(II), and Fe(II) were the most stable is in accordance with 
the role of PC-2 as an efficient chelator of these trace metals.  The thermodynamic 
data from the simulations also indicated that PCs are not likely used to regulate alkali 
earth metals such as Ca and Mg, which do not induce metal stress at the same levels as 
trace metals.49 As previously reported in an MD study of metal complexation by an 
antibiotic carboxylate,33 the total potential energies of the metal–PC-2 complexes 
 15 
generally varied inversely with metal cationic ionic potentials, a trend that is 
consistent with the role of electrostatic interactions in mediating stability of the 
complex. 
The binding coordination of the metal in each metal–PC-2 complex was 
characterized in an effort to account for the structures responsible for the estimated 
thermodynamic stability. Specifically, I obtained the RDFs of the O atoms from 
carboxyl, carbonyl, and solvating waters around each metal cation (Figure 3).  The 
RDFs of metal–PC-2 carboxylate O indicated that carboxylate O atoms were at greater 
than 2.00 Å from Ca2+ whereas they were between 1.70 and 2.00 Å from Mg2+, Fe2+, 
Zn2+, and Cu2+ (Figure 3, Table 4).  For the RDFs of metal–PC-2 carbonyl O, only 
Ca2+, Mg2+, and Zn2+ had carbonyl O atoms at short enough interaction distances to be 
involved in complexation, which were, on average, 2.47, 2.21, and 2.00 Å, 
respectively. The carbonyl O atoms were greater than 3.00 Å away from the other 
metal cations (Figure 3, Table 4).  The distance of the carboxylate O atoms from the 
metal cations was positively correlated with the ordering of stability predicted by the 
MD–calculated thermodynamics of the complexes, in agreement with the proposed 
role of electrostatic interactions.  In terms of the role of hydrating waters, the RDFs 
indicated water O atoms at less than 2.5 Å only near Mg2+; the remainder of the RDF 
peaks for water O atoms at greater than 3.0 Å from the metal cations were reminiscent 
of the water structures in bulk water50 (Figure 3, Table 4). Based on the integration of 
the RDFs, the number of O atoms around each metal ion was determined (Table 4).  
The MD simulation predicted a Ca–PC-2 complex wherein Ca2+ coordinated to a total 
of six O atoms: four from carboxylate moieties and two from keto (carbonyl) groups 
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(Table 4, Figure 4).  The Mg–PC-2 complex had Mg2+ coordinated to five total O 
atoms, with three carboxyl O atoms and one each from a carbonyl and solvating water. 
The Fe2+ in the Fe–PC-2 complex was coordinated to six total O atoms, all from 
carboxylate moieties (Table 4, Figure 4).  In the Zn–PC-2 complex, the Zn2+ was 
coordinated to five O atoms, with four coming from carboxylate moieties and one 
from a keto group (Table 4, Figure 4).  In the Cu–PC-2 complex, Cu2+ coordinated to a 
total of five O atoms, all from carboxylate moieties (Table 4, Figure 4).    
 
Table 4. Distance (Å, average ± standard deviation) and coordination numbers (CNs) 
calculated for metal cation-O atom pairs in metal-PC-2 complexes by molecular dynamics 
simulations. 
Metal—PC-2 
Metals 
Metal—Ocarboxylate Metal—Ocarbonyl Metal—Owater 
Distance CN Distance CN Distance CN 
Ca2+ 2.19 ± 0.15 3.99 2.47 ± 0.05 1.97 -- -- 
Mg2+ 1.76 ± 0.08 3.14 2.21 ± 0.12 0.86 2.23 ± 0.11 1.0 
Fe2+ 2.02 ± 0.30 5.98 -- -- -- -- 
Zn2+ 1.79 ± 0.08 4.0 2.00 ± 0.05 1.0 -- -- 
Cu2+ 1.85 ± 0.14 4.88 -- -- -- -- 
 17 
 
Figure 3. Metal cation-O radial distribution functions [RDFs, g(r)] for carboxylate O, 
carbonyl O, and water O in the hydrated M2+–PC-2 complexes. Line color legend:  green 
(Ca2+), pink (Mg2+), blue (Fe2+), brown (Cu2+), gray (Zn2+).  
 
 
 
Figure 4. Molecular dynamics snapshots of metal coordination with O atoms from PC-2 and 
solvating water molecules.  Non-coordinating water molecules and some atoms from the 
peptide structure were removed for clarity.  Atom color legend: gray (C), red (O), white (H), 
green (Ca2+), pink (Mg2+), blue (Fe2+), brown (Cu2+), gray (Zn2+). 
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To the best of my knowledge, there are no detailed experimental structural data 
available for metal–PC complexes with which to compare the simulation results.  
However, an X-ray absorption study11 of Cd–PC complexes reported that, at acidic 
pH, all of the interactions between the metal cation and the PC were mediated by PC 
O atoms at a distance of about 2 Å. This Cd–PC O distance agrees with the M2+–PC O 
distances predicted by my simulations. The suggested coordination of six O atoms 
around the Cd2+ ion11 is also consistent with the coordination environments in the MD-
optimized Ca– and Fe(II)–PC-2 complexes, both of which have metal ions with ionic 
potentials close to that of Cd2+.  It is important to note that, as the aqueous pH 
becomes more basic, there would be decreasing contributions from the PC O atoms 
and increasing complexation by the deprotonated thiol groups.11,22  An X-ray 
diffraction study of Cu(II) with L-aspartate51 reported a distance of 1.95 Å, in good 
agreement with the distances found between the carboxylate O atoms and the Cu2+ in 
the simulated Cu(II)–PC-2 complex.  A review study52 of metal–ligand interactions in 
proteins reported distances between metal and O atoms in agreement with the MD–
determined distances between the coordinating carboxylate O atoms and metal cation 
in the structures obtained for Ca–, Fe(II)–, and Cu(II)–PC-2 complexes.  However, my 
MD simulations of the Mg– and Zn(II)–PC-2 complexes both presented metal–
carboxylate O distances which were shorter than the reported values with proteins.52 It 
is worth noting that the metal cations in my simulated systems were complexed by 
multiple types of O atoms, with the carboxylate interaction distance being the shortest 
(Table 4, Figure 3). 
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Metal complexation by MCs 
For MC-LR, the total potential energy calculated for Ca–MC-LR, Mg–MC-
LR,  Fe–MC-LR,  Zn–MC-LR,  and Cu–MC-LR was –543 ± 9, –578 ± 10,  –594 ± 10,  
–617 ± 7, and –598 ± 13 kcal/mol, respectively.  Therefore, the relative ordering of 
stability for the simulated metal–MC-LR complexes was Zn–MC-LR > Cu–MC-LR ≥ 
Fe–MC-LR ≥ Mg–MC-LR > Ca–MC-LR.  The ordering of the stability of the metal–
MC-LR complexes followed the general trend predicted by my simulations of the 
metal–PC-2 complexes. For the MC-RR complexes, the calculated total potential 
energy for Ca–MC-RR, Mg–MC-RR, Fe–MC-RR, Zn–MC-RR, and Cu–MC-RR was 
–698 ± 9, –765 ± 6, –647 ± 7, –777 ± 9, and –767 ± 11 kcal/mol, respectively. Thus, 
the relative ordering of stability for the simulated metal–MC-RR complexes is Zn–
MC-RR ≥ Cu–MC-RR ≥ Mg–MC-RR > Fe–MC-RR > Ca–MC-RR.  A study16 using 
differential pulse polarography to determine formation constants of MC-LR, MC-LW 
(arginine replaced by tryptophan), and MC-LF (arginine replaced by phenylalanine) 
complexes with Cu(II) and Zn(II) reported a trend consistent with my MD predictions.  
Another study23 which used anodic stripping voltammetry to examine MC-LR 
complexes with Pb(II), Cd(II), Cu(II), Hg(II), and Zn(II) reported that Zn(II) had a 
higher binding constant than Cu(II) with MC-LR, in agreement with my MD findings 
with both MC-LR and MC-RR.  As found with PCs, the most stable metal–MC 
complexes were those formed with Cu2+ and Zn2+.  This suggests that MCs could 
potentially be involved in regulating toxic levels of these trace metals.  However, 
whereas PCs are known to be exuded from the cell to control metal levels, MCs are 
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likely intracellular regulators in cyanobacterial cells, as they are primarily released in 
large amounts after cell lysis.20 
The binding coordination of the metal cation in each metal–MC complex was 
also characterized to further elaborate on the role of the binding structures on dictating 
the thermodynamic stability.  The RDFs of the water O atoms and the MC carboxyl 
and carbonyl O atoms are illustrated in Figure 5.  The RDFs of metal–MC carboxylate 
O atoms indicated that in both the Ca2+–MC-LR and Ca2+–MC-RR complexes the 
carboxylate O atoms were greater than 2.00 Å from the metal cation (Table 5, Figure 
5).  In the other metal–MC complexes, the interaction distances were between 1.70 
and 1.95 Å (Table 5, Figure 5), a slightly shorter distance than reported with the PC 
carboxylate O atoms.  For the RDFs of carbonyl O atoms, all of the metal–MC 
complexes had interaction distances between 1.90 and 2.65 Å, except for Mg–MC-RR, 
which did not have any carbonyl O atoms within 3.00 Å of the metal cation (Table 5, 
Figure 5). Hydrating waters only played a role in the Fe–MC-RR complex, which had 
water O atoms, on average, 2.56 Å from the metal cation (Table 5, Figure 5). The 
remainder of the complexes had water O atoms at a distance beyond 3.00 Å, where the 
water molecules behaved as bulk water.50 As with the metal–PC complexes, published 
structural data of metal–MC complexes were scarce. The interaction distances 
between carboxylate O atoms and metal cations in the Ca–, Fe(II)–, and Cu(II)–MC-
LR complexes were in agreement with those published for other metal–peptide 
complexes (Table 5).52 However, for the Mg– and Zn–MC-LR complexes as well as 
all of the metal complexes with MC-RR, the distances were shorter than reported for 
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other metal–peptide complexes52 but still within a reasonable range for metal–O 
interaction distances (Table 5). 
Based on the RDFs, the number of coordinated O atoms around each metal 
cation in the metal–MC complexes was determined. In Ca–MC-LR, Ca2+ was 
coordinated to seven total O atoms, with four carboxylate O atoms and three keto O 
atoms whereas in Ca–MC-RR, Ca2+ was coordinated to six total O atoms, with four 
coming from carboxylate moieties and two from keto groups (Table 5, Figure 6). In 
the Mg–MC-LR complex, Mg2+ was coordinated to five total O atoms, with three 
coming from carboxylate moieties and two from keto groups; the Mg2+ atom in the 
Mg–MC-RR complex was coordinated to only three O atoms, all coming from 
carboxylate moieties (Table 5, Figure 6). In both the Ca and Mg complexes with MC-
RR, the MC-RR carboxylate distance was shorter than in the corresponding distance in 
MC-LR complexes, indicating a stronger contribution from carboxylate groups in MC-
RR. In the Zn–MC-LR complex, the Zn2+ was coordinated to a total of five O atoms: 
two from carboxylate moieties and three from keto groups (Table 5, Figure 6).  The 
Zn–MC-RR complex had a six–coordinated Zn2+, with four O atoms from carboxylate 
groups and two from keto groups (Table 5, Figure 6). In both of the Cu(II)–MC 
complexes, the Cu2+ ion was coordinated to six O atoms.  In the Cu–MC-LR complex, 
three O atoms were from carboxylate moieties and three from keto O atoms whereas, 
in the Cu–MC-RR complex, four O atoms were from carboxylate moieties and the 
remaining two were from keto groups (Table 5, Figure 6). Notably, the Cu2+–
carboxylate O distance in the MC-RR complex had a shorter interaction distance than 
that same interaction in the MC-LR complex and more carboxylate O atoms were 
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involved in the MC-RR complex, indicating that the driving interaction in MC-RR 
was the bidentate carboxylate groups.  The Fe complexes were the most dissimilar 
between the two MC complexes.  In Fe–MC-LR, the Fe2+ was coordinated to two 
carboxyl O atoms, one from each pair of carboxylate O atoms, and three carbonyl O 
atoms.  The Fe–MC-RR, the Fe2+ was coordinated to two carboxyl O atoms, both from 
the same carboxylate group, one carbonyl O atom, and two solvating waters (Table 5, 
Figure 6).  The Fe–MC-RR complex was less stable in comparison to other MC-RR 
complexes than the Fe–MC-LR complex was in comparison to MC-LR complexes.  
This may be due to the decreased contribution to the metal chelation from the MC-RR 
molecule, which only had three O atoms coordinated to the Fe2+, compared to MC-LR, 
where the Fe2+ was coordinated to five O atoms from the MC molecule. A study16 
with MC-LR and two other MC variants, MC-LW and MC-LF, wherein the arginine is 
replaced by tryptophan or a phenylalanine residue, respectively, reported the same 
trend of stability constants for the three variants, thus suggesting that the protonated 
arginine group was not involved in the complexation of the metals, consistent with the 
simulation results. 
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Table 5. Distance (Å, average ± standard deviation) and coordination numbers (CNs) 
calculated for metal cation-O atom pairs in metal-MC complexes by molecular dynamics 
simulations. 
 
Metal—MC-LR 
Metals 
Metal—Ocarboxylate Metal—Ocarbonyl Metal—Owater 
Distance CN Distance CN Distance CN 
Ca2+ 2.25 ± 0.13 3.94 2.64 ± 0.47 2.80 -- -- 
Mg2+ 1.81 ± 0.11 2.85 1.94 ± 0.07 1.99 -- -- 
Fe2+ 1.76 ± 0.03 1.98 2.06 ± 0.08 2.99 -- -- 
Zn2+ 1.75 ± 0.01 2.00 2.10 ± 0.19 3.00 -- -- 
Cu2+ 1.91 ± 0.29 2.98 2.08 ± 0.13 3.00 -- -- 
Metal—MC-RR 
Metals 
Metal—Ocarboxylate Metal—Ocarbonyl Metal—Owater 
Distance CN Distance CN Distance CN 
Ca2+ 2.01 ± 0.02 4.00 2.54 ± 0.02 1.99 -- -- 
Mg2+ 1.70 ± 0.05 3.14 -- -- -- -- 
Fe2+ 1.79 ± 0.04 2.00 2.33 ± 0.21 0.97 2.56 ± 0.17 2.00 
Zn2+ 1.75 ± 0.03 3.97 2.25 ± 0.08 1.97 -- -- 
Cu2+ 1.72 ± 0.04 4.00 2.34 ± 0.11 1.67 -- -- 
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Figure 5. Metal cation-O radial distribution functions [RDFs, g(r)] for carboxylate O (top), 
carbonyl O (middle), and water O (bottom) in the hydrated M2+–MC-LR and M2+–MC-RR 
complexes. Line color legend:  green (Ca2+), pink (Mg2+), blue (Fe2+), brown (Cu2+), gray 
(Zn2+). 
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       Ca–MC             Mg–MC           Fe(II)–MC        Zn(II)–MC       Cu(II)–MC 
 
Figure 6. Molecular dynamics snapshots of metal coordination with the carboxylate and 
carbonyl moieties of MC and with solvating water molecules: MC-LR (A) and MC-RR (B).  
Non-coordinating water molecules and some atoms from the peptide structure were removed 
for clarity.  Atom color legend: gray (C), red (O), white (H), green (Ca2+), pink (Mg2+), blue 
(Fe2+), brown (Cu2+), gray (Zn2+). 
 
Changes in Conformation 
To investigate the distribution of hydrophobic and hydrophilic moieties across 
the different peptide molecules, surface potential maps before and after complexation 
with the different metal cations were computed (Figure 7).  The PC-2 molecule had 
charged areas spread across it, indicating that the hydrophilic moieties were 
distributed across the surface of PC-2 (Figure 7). The broad distribution of charged 
areas across the PC-2 molecules indicated that the metal–PC-2 complexes formed 
intracellularly are not likely candidates for passive permeation across the cell 
membrane and that, in order for PC-2 to move into or out of the cell, a transporter 
would be necessary.55 There were also variations in the potential maps of the metal–
PC-2 complexes.  All of the metal–PC-2 complexes, except for Mg–PC-2, have a 
 
(A) 
(B) 
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globular shape with a similar charge distribution, suggesting that the same transporter 
could be used for these peptide molecules (Figure 7).  
 
PC-2 
 
Ca–PC-2  Mg–PC-2      Fe(II)–PC-2      Zn(II)–PC-2    Cu(II)–PC-2 
 
Figure 7.  Surface potential maps of uncomplexed PC-2 (top) and the PC-2 structures in 
complexes with, from left to right, Ca, Mg, Fe(II), Cu (II), Zn (II).  Red areas indicate 
negatively charged regions; blue areas are where positive charges are centered.  
 
By contrast, the surface potential maps of the MC molecules were mostly 
characterized by neutral or hydrophobic areas (Figure 8).  This mostly hydrophobic 
character of the MC molecules may be responsible for the lack of clear correlation, as 
discussed above, between SAV and the coordination distance with the carboxylate O 
atoms in the metal–MC molecules.  Comparison of the surface potential maps of MC-
LR (Figure 8) shows there was little variation amongst the different metal–MC-LR 
complexes, but more conformational changes were noticeable amongst the surface 
potential maps of the MC-RR complexes (Figure 8).  The more linear structure of the 
MC-LR structures with positive charges generally clustered in the center suggests that 
it may be possible for these complexes to be transported via a transporter with a 
similar binding pocket for the MC-LR, especially given the similarity in the shape and 
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charge distribution of the uncomplexed MC-LR molecule (Figure 8).  For the MC-RR 
complexes, the Cu(II) and Fe(II) complexes were different geometrically from the Ca, 
Mg, and Zn(II) complexes (Figure 8). In particular, the Fe(II)– and Cu(II)–MC-RR 
complexes exhibited a more globular conformation, which was distinct from the rest 
of the more linear metal–MC-RR complexes (Figure 8). These differences in 
geometries suggest that, if transporters were involved in exporting the MC-RR 
complexes, several would be required with different structural and chemical 
characteristics. 
MC-LR 
 
     Ca–MC-LR     Mg–MC-LR        Fe(II)–MC-LR      Zn(II)–MC-LR     Cu(II)–MC-LR 
 
MC-RR 
 
     Ca–MC-RR     Mg–MC-RR        Fe(II)–MC-RR      Zn(II)–MC-RR     Cu(II)–MC-RR 
        
 
Figure 8. Surface potential maps of  uncomplexed MC-LR and MC-RR and the MC-LR and 
MC-RR structures in complexes with Ca, Mg, Fe(II), Zn(II), and Cu(II).  Positively charged 
areas are blue and negatively charged areas are red.   
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In this study, I characterized metal complexation and conformational dynamics 
in complexes of PC-2, MC-LR, and MC-RR with Ca, Mg, Fe(II), Zn(II), and Cu(II).  
The most stable complexes with all three peptides were formed with Zn2+ and Cu2+, 
and the complexes with Ca2+ were the least stable.  The similar stability order for both 
series of the MC complexes when compared with series of metal complexes with PC, 
which is known to chelate toxic metal ions, is congruent with the possible role of MCs 
in regulating toxic metal levels.  In addition to informing on the characteristics of 
hypothesized transporters for the different peptides, the surface potential maps provide 
insights into possible mechanisms of interactions by the peptides with organic and 
inorganic particles in surface water.  For instance, the positively charged areas in PC 
and MC may mediate interactions with the negatively-charged surfaces of minerals 
and organo-mineral particles in sediments.56 On the other hand, the presence of 
hydrophobic moieties in MCs may facilitate partitioning of MCs and metal–MC 
complexes within hydrophobic regions of organic matter surrounding the 
cyanobacterial cells.  Previous studies have determined that PCs are produced in 
response to toxic levels of metals,10 and the binding sites of PC–Cd complexes have 
been characterized.11,13 Other studies have also qualitatively examined metal–MC 
complexes,17 and several have determined quantitative stability constants for Fe–, 
Zn(II)– and Cu(II)–MC complexes.16,18,23 My MD simulation work provides the first 
detailed structural characterization of metal complexes with PCs and MCs using MD 
techniques. Future experimental studies on the complexation of various metal cations 
with both PC and MC variants are warranted in order to affirm the characteristics of 
the metal–peptide complexes presented here and to further elucidate the biological 
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roles of these peptides, as well as to better understand their environmental fate when 
exuded from their host cells. 
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APPENDIX A 
STRUCTURES OF METAL–PC-2 COMPLEXES 
 
Figure S1. Fully hydrated Ca–PC-2 complex after last MD run. Atom color legend: gray (C), 
red (O), white (H), yellow (S), green (Ca2+). 
 
 
Figure S2. Fully hydrated Mg–PC-2 complex after last MD run. Atom color legend: gray (C), 
red (O), white (H), yellow (S), pink (Mg2+). 
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Figure S3. Fully hydrated Fe(II)–PC-2 complex after last MD run. Atom color legend: gray 
(C), red (O), white (H), yellow (S), blue (Fe2+). 
 
 
Figure S4. Fully hydrated Zn(II)–PC-2 complex after last MD run. Atom color legend: gray 
(C), red (O), white (H), yellow (S), gray (Zn2+). 
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Figure S5. Fully hydrated Cu(II)–PC-2 complex after last MD run. Atom color legend: gray 
(C), red (O), white (H), yellow (S), brown (Cu2+). 
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APPENDIX B 
 
STRUCTURES OF METAL–MC-LR COMPLEXES 
 
Figure S6. Fully hydrated [Ca–MC-LR]Cl complex after last MD run. Atom color legend: 
gray (C), red (O), white (H), light green (Cl–), green (Ca2+). 
 
Figure S7. Fully hydrated [Mg–MC-LR]Cl complex after last MD run. Atom color legend: 
gray (C), red (O), white (H), light green (Cl–), pink (Mg2+). 
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Figure S8. Fully hydrated [Fe(II)–MC-LR]Cl complex after last MD run.  Atom color legend: 
gray (C), red (O), white (H), light green (Cl–), blue (Fe2+). 
 
Figure S9. Fully hydrated [Zn(II)–MC-LR]Cl complex after last MD run.  Atom color legend: 
gray (C), red (O), white (H), light green (Cl–), gray (Zn2+). 
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Figure S10. Fully hydrated [Cu(II)–MC-LR]Cl complex after last MD run.  Atom color 
legend: gray (C), red (O), white (H), light green (Cl–), brown (Cu2+). 
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APPENDIX C 
 
STRUCTURES OF METAL–MC-RR COMPLEXES 
 
Figure S11. Fully hydrated [Ca–MC-RR]Cl2 complex after last MD run.  Atom color legend: 
gray (C), red (O), white (H), light green (Cl–), green (Ca2+). 
 
Figure S12. Fully hydrated [Mg–MC-RR]Cl2 complex after last MD run.  Atom color legend: 
gray (C), red (O), white (H), light green (Cl–), pink (Mg2+). 
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Figure S13. Fully hydrated [Fe(II)–MC-RR]Cl2 complex after last MD run. Atom color 
legend: gray (C), red (O), white (H), light green (Cl–), blue (Fe2+). 
 
Figure S14. Fully hydrated [Zn(II)–MC-RR]Cl2 complex after last MD run.  Atom color 
legend: gray (C), red (O), white (H), light green (Cl–), gray (Zn2+). 
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Figure S15. Fully hydrated [Cu(II)–MC-RR]Cl2 complex after last MD run. Atom color 
legend: gray (C), red (O), white (H), light green (Cl–), brown (Cu2+).
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